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Abstract 
A family of thermoplastic polyurethane blends was synthesized based on the model rigid 4,4-diphenylmethane 
diisocyanate (MDI) or the novel flexible 4,4’-dibenzyl diisocyanate (DBDI). On employing the ‘one shot’ technique 
in solution or melt, by selective dissolution in dimethylformamide it obtained polyurethane composites based on two 
copolymers with a different composition. The materials were characterized by means of dynamic mechanical analysis 
(DMA). 
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1. Introduction 
Thermoplastic polyurethane elastomers (TPUs) are formed typically by reacting together three 
chemical constituents: a diisocyanate (aromatic or aliphatic), a long-chain diol (or “macrodiol”), and a 
small molecule chain-extender diol (Figure 1). The resulting polymer may be considered a copolymer of 
the macrodiol and diisocyanate – chain extender sequences: termed the soft segment (SS) and hard 
segment (HS) respectively, since the SS usually has its glass transition below ambient temperature and 
the HS is frequently a relatively rigid aromatic molecule with the glass transition above ambient 
temperature [1-4]. 
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Figure 1. Structure of repeat of a typical PUs. 
Crystallinity has been sometimes observed in the commercial TPUs hard phase but this is usually 
limited to only a few percent for most hard segment structures when solidified from the melt. 
But there is one particular diisocyanate, 4,4’-dibenzyl diisocyanate (DBDI) that, in the presence of  
suitable chain extenders (diols), gives rise to significant degrees of crystallinity[5-7]. 
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Figure 2. Schematic of the flexible 4,4’-dibenzyl diisocyanate DBDI crystallizing [6]. 
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Figure 3. Schematic of a conventional rigid  diisocyanate, 4,4’-diphenylmethane diisocyanate (MDI) non-crystallizing [6]. 
It is already well known that in the ‘one shot’ synthesis of TPUs, an diisocyanate (I) reacts with a 
macrodiol (MD) of a polyesteric or polyetheric type, and simultaneously with a glycol as a chain extender 
(CE) [1]: 
 1 1n I MD n CE    in solution or in melt (1) 
If the isocyanate (I) reactivity against MD and CE is not equal, there is the possibility that the reaction 
should begin firstly with the most reactive partner, in our case the CE, by the formation of blocks of the 
type -[I-CE]x-I. These structures are finally found again in the middle of the final macromolecule. We 
have made evidence of the difference between the reactivity of MD and CE by measuring the reaction 
rate of I with CE and MD separately. We have shown also the existence of a supplementary synergetic 
effect due to which, in the case of the reaction between I with the couple MD-CE, the reactivity of the 
glycol increases in comparison to that of MD [8, 9]. As previously shown the reaction rate between 
phenyl isocyanate (FI) and chain extender ethylene glycol (EG) was found by us to be 4 times higher than 
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the reaction between FI and PEA when measured separately, and 11.6 higher respectively if they are in a 
mixture (EG + PEA) (synergetic effect) [9, 10]. This difference in reactivity lies in the fundamental 
difference between the polymer structures obtained by the ‘one shot’ and prepolymer techniques, 
although apparently the polymers based on MDI by these techniques appears to be similar. The situation 
changes dramatically when using DBDI in the PUs synthesis. As already mentioned, in both of the cases 
when using MDI or DBDI, due to kinetic reasons in the first stage of the ‘one shot’ process reaction there 
appear oligomers with preponderant -[I-EG]n- structures. The oligomers corresponding to the -[MDI-EG]- 
type always remain in solution of DMF due to the high interaction between oligomer and DMF. The 
further steps of reaction perform also in solution till all the reactants are consumed. 
2. Experimental  
2.1. Materials 
For the polymer to be genuinely thermoplastic, adventitious crosslinking by the action of absorbed 
moisture must be avoided [4, 7] and this means the chemical composition expressed in numbers N of 
moles : :DI MD CEN N N  is constrained by stoichiometry DI MD CEN N N  . In the present work, the three 
components were always mixed in the molar proportions HS:MD:CE; HS = 1:n:n+1, giving an isocyanate 
index I = 100. It should be noted that the stoichiometric proportions used in these polymers (I = 100) 
means that were truly thermoplastic. They do not have the potential for further reaction with ambient 
humidity to produce chain lengthening and allophanate cross-linking, seen in similar polymers but with 
excess isocyanate groups (e.g. I = 110). 
Two systems of TPUs were obtained with the soft segment macrodiol polytetramethylene adipate 
glycol (PBA) of molar mass 2000 g/mol and the diisocyanates MDI or DBDI. The following structure 
was adopted: 
      (MD)  (CE)  (DI)   MD – macrodiol; I – isocyanaate  CE - chain extender                   (2) 
       PBA – EG – D 
            1               n          n+1               ( n = 1 ÷ 10 ) 
where (MD) is the macrodiol, (PBA), (CE) is the chain extender ethylene glycol (EG) and (DI) is the 
isocyanate, DBDI or MDI.  
The ratio between the reactants is summarized in Table 1. Details regarding the PU synthesis are given 
elsewhere [11]. 
2.2. Dynamic mechanical experiments 
Dynamic Mechanical Analysis (DMA) measurements were carried out with the Gabo Qualimeter 
Eplexor 150 N. Samples were tested in tensile mode with a starting distance between the clamps of 45 
mm. The cross section area of the specimen was 5 mm × 1-2 mm. The samples were placed in the 
temperature chamber and cooled down to the starting temperature of -140 °C. The cooling conditions 
were: room temperature to -60 °C cooling rate of 10 K/min, -60 °C to -120 °C 3.5 K/min and -120 °C to 
-140 °C 2 K/min. The DMA tests started at -140 °C and the complex modulus E*, storage modulus E’, 
loss modulus E” and the loss factor tan G were measured as functions of temperature at a heating rate of 
1 K/min. The instrument was operated with controlled sinusoidal force with a frequency of 1 Hz. 
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3. Results and discussion 
When MDI was used in the polymer synthesis, irrespective of the synthesis route (one shot prepolymer 
polyaddition procedure) it obtained homogeneous soluble polymers inseparable in fractions, by selective 
dissolution in DMF. Certainly, the sequence of ordering on the macromolecular chain differed from a 
between the synthesis routes. As mentioned, the reaction rate between phenyl isocyanate (FI) and chain 
extender, ethylene glycol (EG) was found by us to be 4 times higher than the reaction between FI and 
PEA when measured separately, and 11.6 higher respectively if they are in a mixture (EG + PEA) 
(synergetic effect) [8-10]. 
Table 1. PU type and adopted synthesis routes. 
Type of PU Synthesis Route CE MD DI Observations 
PU 98 
One shot 
DMF 
T = 60 °C 
EG 
3 
PBA 
1 
DBDI 
4 
27.9% insoluble in DMF 
72.1% soluble in DMF 
PU 100 
One shot 
melt 
T = 60 °C 
EG 
3 
PBA 
1 
DBDI 
4 
13.12% insoluble 
86.88% soluble 
PU 101 
One shot 
DMF, 
T = 60 °C 
EG 
3 
PBA 
1 
MDI 
4 100% soluble 
PU 102 
One shot 
DMF, 
T = 110 °C 
EG 
3 
PBA 
1 
DBDI 
4 
28.86% insoluble in DMF 
71.14% soluble in DMF 
PU 103 
One shot 
NMP 
T = 115 °C 
EG 
3 
PBA 
1 
DBDI 
4 
2.85% insoluble in DMF 
97.15% soluble in DMF 
PU 104 Prepolymer Melt 
EG 
3 
PBA 
1 
DBDI 
4 soluble in DMF 
PU 105 Prepolymer Melt 
EG 
3 
PBA 
1 
MDI 
4 soluble in DMF 
 
The situation changed dramatically when using DBDI in the PU synthesis. As already mentioned, in 
both of the cases when using MDI or DBDI, due to kinetic reasons in the first stage it obtained oligomers 
with preponderant -[I-EG]n- structures. Due to the high interaction between oligomer-DMF, the oligomers 
corresponding to the -[MDI-EG]- type remained in solution of DMF. The further steps of reaction 
performed also in solution till all the reactants were consumed. In the synthesis with DBDI the situation 
changed: due to the possible intramolecular rotation of the DBDI skeleton, the incipient growing oligomer 
-[DBDI-EG]- adopted a plan parallel structure which allowed a more compact intermolecular packing of 
the growing oligomers. Thus, the interaction between oligomer-oligomer became preponderant towards 
the interaction between oligomer-DMF and in solution appeared life species in suspension which 
continued to grow by interphasic reactions. 
In parallel, the kinetic-statistically determined incipient reaction of DBDI with the MD, although rare, 
leaded to soluble oligomers with a good solubility, with sufficiently long SS so to maintain the so-
obtained polymer in solution till the end of the process. 
The crystallinity of the copolymer resulted in suspension (separated by centrifugation), was evidenced 
with the aid of X-ray measurements. The X-ray diagram of the so-obtained insoluble copolymer was 
similar to the pure homopolymer -ED-DBDI [11]. The similitude was as closer as the ‘n’ number in the 
schemes from above was higher. 
If the DMF solvent was replaced with 1-Methyl-2-pyrrolidinone (NMP) the situation returned to the 
“normal” behavior similar to the MDI based PUs reaction in solution. In this case the interaction between 
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oligomer - solvent was always higher than the interaction between oligomer-oligomer (polymer-polymer), 
and it obtained only a single type of soluble copolymer. 
Thus, when employing the ‘one shot’ synthesis in solution (PU102, Table 1). it obtained a suspension 
containing 2 copolymers simultaneously one of which was soluble in DMF (71.2%), and the other was 
insoluble in DMF (28.85% -Table.17). Replacing DMF by NMP, it obtained a homogeneous viscous 
solution which contained one single copolymer. A similar situation appeared when the syntheses were 
performed in melt. 
As a result of the polyaddition of the DBDI based materials by the ‘one shot’ synthesis in melt, it 
obtained opaque solid elastomer blends consisting of two copolymers, one of which was soluble in DMF 
(87%), while the other was insoluble in DMF (13%) (PU100 – Table 1). 
3.1. DMA measurements 
Depending on the material structure and on the conformation of diisocyanate, there were observed 
large differences between the E’ modulus and tan į loss factors respectively. The material 101 (Table 1), 
obtained with MDI, showed an amorphous structure. Its E’ modulus above TG was the lowest of all the 
materials, and correspondingly the loss factor tan į in the glass transition region was the highest. The Tg 
values ranged between -28 °C (PU 100) and -14 °C (PU 101), while tan į varied between 0.127 (PU100) 
and 0.418 (PU101). The higher E’ storage moduli and the lower tan į loss factor values observed for the 
materials with DBDI were attributed to the greater flexibility of DBDI allowing a higher tendency to self-
associate by hydrogen bonding and to the DBDI hard-phase crystallinity through its effect of increasing 
the flow stress. 
Example selected DMA curves of selected materials listed in Table 1 are shown in Figures 4-7. 
 
  
Figure 4. Storage Modulus and Loss Factor as a function of 
temperature for PU98. 
Figure 5. Same as in Figure 4 but for material PU101. 
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Figure 6. Same as in Figure 4 but for material PU102. Figure 7. Same as in Figure 4 but for material PU103. 
4. Conclusions  
The behavior of the two diisocyanates MDI and DBDI is different in the TPUs polyaddition process, 
especially if the ‘one shot’ synthesis route is performed. DBDI which displays an internal variable 
geometry tends to adopt a rotation conformation which favors the intermolecular association to ordinate 
in crystalline domains [5-7]. A series of polyurethane thermoplastic blends was obtained. On employing 
the ‘one shot’ technique either in solution or in melt and using DBDI, it obtained thermoplastic 
polyurethane blends made up by two copolymers with a different composition, separable by selective 
dissolution in dimethylformamide (DMF). In contrast, when under the same conditions there were used 
commercial isocyanates of rigid structure as MDI, it obtained homogeneous soluble polymers inseparable 
in fractions. 
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